Abstract: An existing phase-locked-loop (PLL) based contact-resonance measurement system is studied and optimized. Improvements to the electronics' circuit to reduce both nonlinear behavior and noise are realized and experimentally tested. The improvements enable to analyze signals even at highly damped vibrations of the cantilever.
Introduction
The ongoing digitalization in the transition to industry 4.0 generates a strong demand for measurement systems, which are designed to monitor workpieces and equipment during production [1] . These systems must analyze large areas while maintaining high spatial resolution [2] . Tactile microcantilevers are promising in this regard. They can scan surfaces at up to 15 mm/s [3] while detecting height differences as low as 11 nm [4] . Operated in contact resonance (CR) mode, the cantilevers provide additional information about mechanical properties of the samples, such as the elasticity and viscosity [5] .
Measurement Setup and Theory
In this work, commercial 5-mm-long, 200-µm-wide and 50-µm-thick tactile microcantilevers (CAN-50-2-5), manufactured by CiS Forschungsinstitut für Mikrosensorik GmbH (Erfurt, Germany), are used [4] . They integrate a piezoresistive readout circuit near their base as well as a silicon tip at their free end. As depicted in Figure 1a , the cantilever probe is mounted on a so-called cantilever carrier. This small PCB provides the cantilever with signal ports, a PL055.30 piezo actuator by Physik Instrumente (PI) GmbH & Co. KG (Lederhose, Germany) and a preamplifier. The signal ports connect the cantilever to the measurement electronics shown in Figure 1b . The electronics supply the piezo actuator with an excitation signal and analyze the resulting output of the cantilever. Using the attached positioning system, the position of the probe can be adjusted manually in x-and y-direction. Additionally, the y-and z-position can be set digitally via a PI P-621.1CD piezo stage controlled by an PI E-750 Digital Piezo Controller and a PI P-518.ZCD piezo stage controlled by an PI E-753 Digital Piezo Controller respectively. During measurements, the piezo stages are used to set a user-controllable static force, with which the cantilever presses against the sample. Once this force has been reached, the cantilever gets excited dynamically. As shown in Figure 2 , the tip of the cantilever interacts with the surface of the samples, which shifts the resonance-frequency and -amplitude of the system. With the tip-sample interaction modeled as a spring-damper element, Bertke et al. [6] solved the cantilevers equation of motion. This reveals that every resonance peak corresponds to a −90° phase shift between responseand excitation signal. Instead of periodically performing frequency sweeps, it is therefore possible to find and track resonance frequencies by tracking the constant resonance phase. This can be done by the use of a phase-locked-loop (PLL). Schematic of the measurement principle with the tip-sample interaction modeled as a spring-damper element. The contact stiffness * is related to the sample elasticity and mainly affects the resonance frequency while the dampening coefficient * is related to the viscosity and mainly affects the resonance amplitude A (inspired by [5] ).
Results
In [7] , Bertke et al. present an analog PLL (APLL) based contact resonance measurement setup. Its characteristics are listed in Table 1 . However, this setup has problems reaching the contact resonance frequency because of its limited phase detection range. To solve this issue, a microcontroller based PLL circuit is proposed. The goal of this work is to build a flexible measurement setup that can be adapted to evolving demands. For this reason, a software PLL (SPLL) based measurement system is used. The first version of the electronics (SPLL v1) tries to address the APLLs shortcomings: the phase detection range is expanded, the phase lock condition is made user controllable, the frequency range is broadened, and the sample rate is increased. However, as shown in Figure 3a , the excitation amplitude is too high and leads to nonlinear behavior of the frequency response [6, 7] . It is therefore necessary to be able to control the applied excitation amplitude. This feature as well as several software improvements lead to the creation of SPLL v2. Measuring on the same sample as before, the frequency response shown in Figure 3b is acquired. Though reduced, nonlinear behavior can still be observed in the measured resonance peak shape. Hence, the excitation amplitude needs to be further reduced. This however increases the influence of noise. Even at 100 mV of excitation amplitude, the phase cannot be measured reliable at frequencies higher than 100 Hz removed from resonance. Using a PLL under these conditions leads to unstable results and is therefore not advised. The second out-of-plane vibration mode however allows for precise phase measurements higher than 1000 Hz removed from resonance. Analyzing thin PEDOT films in this vibration mode results in the measured resonance frequencies shown in Figure 4 , revealing a linear decrease of with increasing film thickness. To enable measurements in the first out-of-plane vibration mode, a system is required which dynamically increases the excitation amplitude out of resonance, yet still provides amplitudes small enough to eliminate nonlinear behavior in resonance. This is done by utilizing an automatic gain control (AGC). The focus of SPLL v3 is integrating such a system. For this purpose, the analog signal conditioning is improved to allow for improved amplitude measurement and more accurate control over the excitation amplitude. Employing these AGC capabilities, the frequency response depicted in Figure 3c is acquired. It shows greatly reduced noise and no discernable nonlinear behavior. 
Conclusions
The development of a software phase-locked-loop based contact-resonance measurement system was described. Three iterative versions of the electronics were tested, and their shortcomings discussed. By the second version, analyzing thin PEDOT films was possible. With a thickness resolution of ±15.5 nm, this system proved highly suitable for the determination of the thickness of thin polymer films. The current version additionally provides AGC capabilities, thereby allowing the system to analyze highly damped vibrations at frequencies far removed from resonance. 
